We used a monoclonal antibody recognizing chondroitin sulfate (CS) to investigate by immunocytochemistry the characteristics displayed in situ by aortic pmteoglycans (PG) containing CS side chains. The antibody specifically precipitated metabolically labeled PG from aortic extracts. Anti-CS specificity was also tested directly on tissue sections and was confumed by the virtual abolition of immunolabeling on those previously digested with CS-specific enzymes. The overall CS-PG distribution assessed by light microscopy after embedding in Lowicryl KM4 by silver-enhanced immunogold recapitulated that obtained on frozen sections with immunoperoxidase. Extracellular concentrations of CS-PG were very high in the innermost regions of aorta and decreased in the media. The reaction was weak and muse in the ad-~ ~~ ' Supported by grants from the Medical Research Council of Canada and the Heart and Stroke Foundation of Quebec. ZSG receives fellowships from Fonds pour la Formation de Chercheurs et Aide P la Recherche and the Royal Victoria Research Institute.
Introduction
Proteoglycans (PG) are ubiquitous molecules that comprise an extremely diverse family of both cell-associated and extracellular species (9,28). Their common classification as PG is based on their property of possessing one or several side chains of glycosaminoglycans (GAG) attached to a cenual protein core. The potentially limitless diversity of PG molecular composition and conformation is due to both particular proteins and types of GAG chains that may be combined in various proportions (12, 21, 25) . Throughout the body, the biochemical diversity of PG is the basis of their functional versatility (11, 13, 29, 36) .
The arterial wall alone is known to produce several distinct PG that possess binding sites for other components of the extracellular matrix, such as hyaluronic acid (HA), fibronectin, laminin, and collagen (21, 29, 36) . Consequently, aortic PG are considered important organizers of the tridimensional extracellular architecture, responsible among others for maintenance of the viscoelastic and permeability characteristics of the vessel wall. Several types 0f"large" It is worth mentioning that among several species included in comparative biochemical studies, rabbit aortas have been found to have the closest GAG composition to human aorta (1). Defining some of the normal characteristics of rabbit aorta has potential relevance for one of the most extensively used animal models of atherosclerosis (26) . Particular forms of GAG composition, rather than those of whole PG molecules, have been previously investigated in relation to angiogenesis, cell adhesion, migration and differentiation, and aging and atherosclerosis (24, 26, 29, 36) , and have often been found to be associated with alterations of the chondroitin sulfate content of normal arterial tissue.
We investigated those aortic PG of normal rabbit aorta that contain CS by using an antibody to CS moieties. The preservation of the in situ PG distribution, as well as of their relation to other elements of the extracellular matrix, was facilitated by the use of immunocytochemistry. In an attempt to gain a more detailed insight into CS-PG organization, a monoclonal antibody recognizing small epitopes on their lateral chains was used in conjunction with the high resolution of EM immunogold.
Materials and Methods
Protein A and protein A-Sepharose were from Phannacia (Uppsala, Sweden).
GALIS, ALAW, MOORE
Anti-chondroitin sulfate monoclonal antibodies, anti-mouse IgM (p-chain specific) conjugated with 10-nm colloidal gold particles, chondroitinase ABC (EC 4.2.2.4), chondroitinase AC (EC 4.2.2.5). and hyduronidase type X (EC 3.2.1. 36) were from Sigma (St Louis, MO). Unlabeled rabbit antim o w Ig and the avidin-biotin immunocytochemical system *re purchased from Dakopatts (Glostrup, Denmark), Naz3'S04 and Cytoscint scintillation cocktail were from ICN Biomedicals Canada (Quebec, Canada), and OCT embedding medium for frozen sections was from Miles (Elkhart, IN).
Anti-CS Antibodies
The monoclonal antibodies have been previously described (2) as being IgM species that recognize the repetitive disaccharidic units of CS chains type A and C, but not of CS B (dermatan sulfate). Both CS A and CS C species are designated in the text as CS for the sake of simplicity. We tested the antibodies' capacity to immunoprecipitate CS-containing molecules from an extract of normal rabbit aorta.
Preparation and Characterization of the Aortic Extract
Aortas of five New Zealand rabbits killed by an overdose of sodium pentobarbital (60 mglkg body weight), in accordance with the internal guidelines for care and use of laboratory animals, were quickly harvested under sterile conditions. For metabolic labeling of sulfated PG (24), the intimal-medial layers peeled off each aorta were separately incubated for 2, 4, 6, 8, or 12 hr with 1 mCi 3?5 in 10 ml sterile Hank's balanced salt solution (HBSS) + 10% rabbit serum at 37°C and in a controlled gaseous atmosphere (95% 0 2 + 5% C02). Tissue was washed with three changes of cold HBSS and low-speed centrifugation and was gently homogenized. A soluble aortic fraction was obtained after ultracentrifugation for 60 min at 100,000 x g. The pellets were further extracted overnight at 4°C with 4 M guanidinium hydrochloride (GuHCI) in the presence of protease inhibitors under constant stirring (23), filtered, and re-centrifuged for 60 min at 100,000 x g. After the extensive dialysis of supernatants against distilled water, their GAG and protein contents were assayed using alcian blue (3) and amido black (32) . respectively. Metabolically incorporated radioactivity was measured by liquid scintillation.
GAG Composition
Aortic extracts were digested overnight at 37°C with papain (25:l protedenzyme, w /~) in 50 mM Tris-HCI, pH 8.8, containing 10 mM EDTA and 10 mM cysteine hydrochloride. Further, samples were first precipitated with trichloroacetic acid (TCA) (6% final concentration) and then with absolute ethanol in the presence of Na-acetate-saturated solution (1:4:1, v/v/v). The second precipitate was vacuum-dried, re-suspended in distilled water, and analyzed for GAG composition by cellulose acetate electrophoresis in a Gelman Semi-micro apparatus, using 0.3 M Ca-acetate buffer, pH 8, 1 mAkm, for 1.5 hr. A GAG standard mixture was simultaneously electrophoresed. The cellulose membrane was stained with alcian blue (3), then dried and exposed for autoradiography. The relative compositions of the total and the newly synthesized GAG were estimated on the alcianstained cellulose membrane or X-ray film, respectively, using a H&r GS-300 scanning densitometer equipped with GS-360 software.
PG Characterization
The 12-hr aortic incubate having the highest activity per pg protein was used for digestion with specific GAG enzymes and immunoprecipitation.
Aliquots of 100 pl were incubated overnight at 37°C with either chondroitinase ABC (1 Ulml) in %is-acetate bu&r, pH 8.0, or hyaluronidase (170 U/ml) in NaC1-acetate b d e r , pH 5.4 (30) . For control, the enzyme was replaced by a corresponding volume of distilled water. Incubation was stopped by addingTCA to all samples. 'EA-soluble radioactivity was comparatively assayed by liquid scintillation counting of the supernatants. Protein composition of the pelkts was analyzed by SDS-PAGE.
Immunoprecipitation Procedure
Fifteen mg of promn A-Sepharose, 900 p1 PBS (10 mM Na-phosphate, pH 7.2,9 glliter NaCI), and 100 p1 anti-mouse Ig antibodieswere incubated in duplicate for 4 hr at room temperature in Eppendorf tubes. The secondary antibody hird to be used because of the low protein A affinity for mouse monodonals. Unbound anti-mouse Ig was washed away by repeated centtifugation (three times for 5 min. 2500 rpm) of the Sepharose gel in PBS, using a Baxter Biofuge A (Canlab; Quebec, Canada).
Aortic extract (500 pl) was mixed with 100 p1 of fivefold concentrated solubilizing b d e r (1 ml 1.0 M Na-phosphate, pH 7.2, 0.9 g NaCI, 1 ml Triton X-100.0.5 g Na-deoxycholate, 0.1 g Na-dodecyl sulfate (SDS), 0.2 g Na-azide, 40 mg Na-fluoride brought to 25 ml with distilled water) and incubated for 30 min at 37°C with 10 pI of anti-CS antibodies, by endover-end continuous agitation.
The secondary antibody specifically bound to the protein A-Sepharose and the antigen-primary antibody mixture were incubated together overnight at 4'C, in the same end-over-end motion. A control tube lacking the primary antibody was similarly processed. The gel was washed with solubilizing buffer by centrifugation (four times for 5 min, 2500 rpm). Finally, the sedimented gel was solubilized along with other samples for SDS-PAGE.
SDS-PAGE
SDS-PAGE (15) was performed in a Protean I1 apparatus (Biorad; Richmond, CA), using a 16-cm long 5-15% gradient with a 3% stacking gel. The samples were solubilized by 5-min boiling in denaturing sample buffer containing 0.1% SDS and 11 mM dithiothreitol. Pre-stained molecular weight (MW) markers were concomitantly applied. At the end of the run, the gel was soaked in 1 M Na-salicylate for enhancement of autoradiography ( 5 ) , dried, and exposed to an X-ray film at -7O'C for 7 days.
Protein A-Gold Co .jugate Preparation
Colloidal gold particles of 10 nm were stabilized with protein A (10). Protein A-gold complexes were separated by ultracentrifugation and diluted with PBS to a final concentration corresponding to an optical absorbance at 515 MI, Amnm = 0.5.
Tissue Collection and Processing
Five New Zealand male rabbits were sacrificed with an overdose of sodium pentobarbital (60 mglkg body weight). The aortas were excised, washed briefly with ice-cold PES, and individually collected in cold fixative (4% formaldehyde and 0.5% glunraldehyde in 100 mM Na-phosphate, pH 7.4). For immmunoperoxidase. 1-2-mm thick full-circumference segments were embedded in OCT and frozen at -70'C. For detection of CS post embedding, pieces of I-mm2 aortic tissue *re cut, fmcd ovemigbt, and processed by low-temperature (-20.C) embedding in Lowicryl K4M (4). Semi-thin sections on fonnvar-coated glass slides and thin sections on nickel grids covered with parlodion were further submitted to gold immunostaining.
Immunoperom'dase Staining on Frozen Sections
Transverse frozen sections of 5 pm were collected on clean glass slides, airdried for 30 min. fmed in acetone (4°C). and further dried overnight. The sections were placed for 10 min in 1% bovine serum albumin (BSA) dissolved in Tris buffer (50 mM Tris-HCI. pH 7.6) and incubated for 1 hr at 37°C with the anti-CS antibody (1:200 in Tris buffer + 0.1% BSA). Excess antibody was washed off with Tris buffer (twice for 10 min). The sections were incubated for 20 min with 1:500 biotinylated rabbit anti-mouse Ig at 37% and then washed with Tris buffer (twice for 10 min). Ten pI avidin and 10 p1 HRP, as supplied in the kit by the manufacturer, were mixed in 1 ml Tris buffer and applied over the sections (20 min). After two 10min washes the enzymatic reaction was developed with diaminobenzidine ( 5 mg to 10 ml Tris buffer + 5 p1 H2Oz) and stopped with cold water. The sections were counterstained with Mayer's hematoxylin and then mounted with permount.
Gold Immunocytocbemistry
We tested two separate sequences of immunoreagents based on detection with different gold probes. A three-step procedure had a sequence represented by anti-CS, anti-mouse Ig, and protein A-gold; the other was a two-step procedure using anti-CS followed by anti-mouse IgM-gold conjugate.
All incubations were performed at room temperature in a moist chamber. Immunoreagents were diluted in PBS. In our hands, the following dilutions were found optimal: 1:200 anti-CS, 1:30 anti-mouse Ig, and 1:5 anti-IgM-gold conjugate. Gold probes were microfuged just before use.
CS-PG Detection at LM by Silver-enhanced Immunogold on Semi-thin
Sections. Ovalbumin (1%) was layered over the semi-thin sections for 10 min. and the excess was removed with filter paper. The sections were incubated with anti-CS antibody (2 hr). Unbound antibody was washed off with PBS (three times for 5 min). Sections were covered with the anti-mouse IgM-gold conjugate (A>zonm = 1) for 30 min and then washed with distilled water (three times for 5 min). Gold staining was enhanced for LM detection by the chemical development of gold particles with silver supplied as silver acetate (27) .
CS-PG Detection on Thin
Sections. The protein A-gold staining protocol was essentially the same as that described by Bendayan (4). The grids were floated onto drops of 1% ovalbumin for 10 min, then transformed onto the anti-CS antibody (2 hr). The grids were washed with PBS (three times for 5 min) and incubated with anti-mouse Ig (1 hr). The excess secondary antibodies were removed by three 5-min PBS washes. Grids were floated for 30 min on drops of protein A-gold and finally washed with distilled water (three times for 5 min).
A similar procedure was used to detect the antigen with anti-CS antibodies followed by anti-mouse IgM-gold conjugate.
Different methods were tried for thin section staining in an attempt to improve the inherent low contrast of the Lowicryl sections. The grids were stained for variable lengths of time with either 2% aqueous or 5% methanolic uranyl acetate (8). and Reynold's lead citrate. The morphometric analysis of the lengths of gold-labeled structures was performed on EM prints at x 44.460 magnification, using a videoplan processing system. The actual magnification was estimated by comparison with a calibration grid (2160 lineslmm; Pelco Int., Tustin. CA).
Immunocytochemical Controls
The specificity of CS-PG detection was tested with both first and second level immunocytochemical controls (17). They consisted of: (a) omission of the primary antibody, either alone or, in the case of the three-step procedure, also with the secondary antibody altogether; (b) use of pre-adsorbed primary antibodies; and (c) substitution of the primary antibodies with irrelevant monoclonal antibodies of the same Ig class.
As an additional way of checking the primary antibody specificity. the effects of previous selective enzymatic digestions of sections were evaluated. Grids were incubated for variable lengths of time at 37'C with either chondroitinase ABC or AC diluted with Tris-acetate buffer, pH 8 (30) . to different specific activities.
Results

Biochemical Experiments
Chondroitinase ABC digestion increased EA-soluble radioactivity ofthe extract from 45.1% to 92.6%. This susceptibility showed that 35s PrdcEn"dY incoPmted into cs moieties. The main sulfated GAG synthesized de novo by aortic explants were CS A and CS C (Figure 1A) . The appropriateness of [3SS]-PG as a sample of normal aortic CS-PG was confirmed by the similarity be-
Morp bo metric Eualuation
The distribution of the immunoperoxidase reaction product across the aortic values of optical densities were computer-integated over successive equal intervals within the ~s s e l wall. By plotting the average d u e s VS the distance from the luminal front, one can estimate the relative distribution of the antigen across the section from the partition of the immunoperoxidase reaction.
was estimated with a Hoder xmning densitometer on LM prints presenting the entire hickness ofaorta, ne tween the relative composition of newly synthesized and total aortic GAG (alcian stainable). SDS-PAGE autoradiography ( Figure 1B) showed the typical track appearance of PG. PG with very high MW were contained in the soluble aortic fraction (Lane 1). TCAprecipitable (protein-associated) radioactivity of the GuHCl extract (Lane 2) was virtually eliminated by digestion with chondroitinase ABC (Lane 3). Hyaluronidase treatment had little effect on the absolute value of TCA-precipitable radioactivity (2.1% decrease), but determined its redistribution (Lane 4). This suggested a previous interaction of CS-PG with hyaluronic acid. 35S-labeled PG were specifically precipitated from the rabbit aortic tissue extract by the anti-CS antibodies (Lane 5) used consequently for the detection of CS on aorta sections.
LM Immunocytochemistry
The general pattern of CS-PG distribution within the arterial wall was revealed by the specific labeling produced using the immunoperoxidase method on frozen sections (Figures 2A and 2B) . The quantification of the enzymatic reaction product repartition (Figure 3 ) showed the major contribution of the innermost regions to the total content of CS in the rabbit aorta. Silver-enhanced immunogold ( Figure 2C ) produced a similar distribution of labeling, which confirmed that the embedding procedure did not significantly affect CS-PG detection. The wavy pattern of the staining was parallel with the elastic laminae and its intensity was markedly increased towards the luminal aspect of the aorta, mostly in the intima and inner media. Under this superficial region of high CS-PG density the rest of the tunica media was more weakly labeled. Low concentrations of CS-PG were detected in the adventitia.
EM Gold Immunocytochemistry
The patchy appearance of labeling in the inner aorta and the small clusters scattered deeper within the medial layer could be distinguished even at the lowest magnifications, especially in the speci-mens processed by the three-step procedure and stained with aqueous uranyl acetate (Figure 4) . Although the contrast of gold label was enhanced, the extracellular matrix ultrastructure was barely discemible. However, this could be clearly outlined by methanolic uranyl acetate staining of the thin sections. As a general rule of spatial distribution, throughout the aortic layers the CS-rich domains were inversely correlated with the areas occupied by elastin.
Controls
All immunocytochemical controls confirmed the specificity of labeling ( Figure 5 ). Previous digestion of the sections with either chondroitinase ABC or AC considerably diminished the gold labeling, confirming once again the antibody specificity for the CS A and CS C moieties.
CS-PG Distribution
The extracellular spaces throughout the layers contained the great majority of the gold particles. Owing to the high resolution of labeling, we could undoubtedly detect three distinct types of CS-PG distributions, each consistently associated with a certain spatial position within the aortic wall.
In the innermost areas of aorta, the many labeled structures frequently appeared associated to form large extracellular networks of CS-PG ( Figure 6A ). Sometimes beneath the endothelium and especially around the first one or two rows of smooth muscle cells (SMC), prominent and almost confluent patches of closely packed gold particles contributed to very high levels of labeling.
The individual structures that appeared to be exposed at full length by sectioning were measured (as depicted by arrowheads in figure 6A ). The mean value was estimated to be 153.8 2 21.9 nm (n = 95).
In the medial layer ( Figure 6B ), most of the sparsely disposed, clustering associations of gold particles were found in the so called "soluble matrix" of the interstitial space. The mean length of several isolated interstitial clusters was 144.4 * 24.7 nm (n = 64), not significantly different from that measured for the intimal structures. Apparently smaller CS-PG were consistently associated with the collagen bundles of the aortic media. Their maximal diagonal measurement averaged 58.4 f 4.6 nm (n = 57). CS-PG were consistently excluded by the elastic lamellae and were detected solely at their periphery. Sporadic labeling appeared to follow lines parallel to the contour of SMC, presumably being associated with the external aspect of their basement membranes.
Individual straight lines or sometimes multiple tracks of consecutive gold particles ( Figure 6 ) were frequently visible throughout the intima and media. For a tentative estimation of their lengths we selectively measured strings of gold particles that appeared linear. The mean value obtained from averaging track lengths from different areas was 65.1 f 8.9 nm (n = 135).
In contradistinction to the previously described regions, within the adventitia the labeling of the interstitial space was very low. The difference was especially brought out by comparison of the space beneath the endothelial cells (EC) of vasa vasorum (Figure  7) and those forming the lumen of the aorta (see Figure 4 ). The occurrence of CS moieties in the adventitia appeared largely dependent on the disposition of the large collagen bundles. Most evident was the consistent labeling of the fibril surface (Figure 7 , inset) by individual gold particles. lagen bundles of the adventitia ( Figure 8B ). Presumably isolated CS epitopes, usually in close apposition with the surface of the collagen fibrils, were found. A preference for the gap region of collagen banding seemed to be suggested. 
Extracelular Matrix
Elastin. Gold labeling was consistently excluded from areas occupied by amorphous elastin. Nevertheless, CS-PG were found at the periphery of elastin fibers, probably in association with the Collagen. CS-PG were associated with collagen fibrils throughout the aorta. However, two different types of CS-containing structures could be discriminated (Figures 8A and 8B) . The most widely distributed type was represented by clustering associations of CS wrapped around collagen fibrils, producing a "stuck on" appearance. The other type of labeling was characteristic for the large col-microfibrillar component (Figure 8A) .
Discussion
spec$c Considerations
The characteristics of CS-PG were examined by LM and EM immunocytochemistry in normal rabbit aorta. Since the great majority of aortic CS-PG were displayed in the interstitial space, the features of the extracellular distribution were preferentially followed. The in situ differential relation of CS-PG with collagen and the mutual exclusion with elastin were most evident.
The most obvious feature of CS-PG immunodetection at LM was the extremely high concentration displayed by the innermost regions. The densitometric analysis of CS distribution across the vessel wall estimated that around 40% of the total CS amount was accumulated in the inner tenth of the entire aorta thickness. This value might even be underestimated owing to the saturation of the immunoperoxidase staining. The CS-PG accumulation could be related both to a very active synthesis and to a special tendency of CS-PG to form large extracellular homophilic aggregates in this area. Both EC and SMC have the capacity of synthesizing different CS-PG in culture (6.22.25). In addition, EC-conditioned media could stimulate sulfate incorporation into PG synthesized by cultured SMC (20). The high concentration of CS-PG detected in the inner aorta might be related to a specific interaction between these cells. This would also explain why CS-PG were sparser deeper in the medial layer. However, the close apposition between endothelium and SMC had not produced detectable CS-PG accumulations around the arterioles of vasa vasorum. The possible sitespecific interaction of EC and SMC could modulate the nature of perivascular CS-PG which, in turn, would significantly contribute to the differential properties of the blood vessels, such as permeability. Obviously, these effects would be easily missed by use of in vitro conditions. The intima of the aorta is a vascular area preferentially affected by atherosclerosis. High concentrations of CS-PG. known to avidly bind lipoproteins. could create the proper environment for the development of typical lipid accumulations (24,26) . The future ultrastrucrural investigation of changes that may occur in the normal distribution and/or organization of extracellular CS-PG during pathological processes could complement the more commonly used biochemical assays with relevant data.
The detailed gold labeling in the inner regions of aorta sug-gested the presence of CS-PG capable of creating large molecular associations. An aggregating property has been described for the large CS-PG extracted from either bovine aorta or aortic cell cultures (12, 19, 21, 22, 36) . These molecules possess specific binding domains for hyaluronic acid, and it was estimated that within the soluble matrix of the aorta approximately 10% of CS-PG interact with hyaluronic acid to form a bottle brush-like structure, well known from descriptions of cartilage PG (13,21).
In the medial layer of our specimens, CS-PG distribution had lower density. The large labeled structures, with length comparable to those measured in the intima, were detected in the interstitium either isolated or in the company of fibrillar components. In the media of human aorta, Volker et al. (35) described large precipitates produced by cuprolinic blue which, judging by their susceptibility to chondroitinase digestion and by their size, were thought to represent CS-PG aggregated with HA. A particular type of large CS-PG was also detected in the soluble matrix of the bovine aorta (16).
Apart from those CS-PG, tentatively identified as large aggregating CS-PG in the soluble extracellular matrix of the medial layer, smaller CS-PG were detected in association with collagen. The smaller sizes could either be genuine or caused by a visual effect of the molecule wrapping around the collagen fibrils. CS-PG accompanying the pericellular contour of the SMC basement membrane were also detected. Although heparan sulfate has been the traditionally acknowledged component of PG in the basement membranes, recently the presence of a CS-PG associated with these structures has also been reported (18). The low density of CS-PG found in this location might be responsible for their relatively late recognition.
The discrete distribution of gold particles along individual collagen fibrils in the adventitia suggested the presence of individual CS epitopes as components of a particular PG type. The features previously described in the literature for "small PG" interacting with collagen (9,12, 25, 29) , such as biglycan and decorin, might be of relevance in this case. However, a definite immunocytochemical identification of the two types of collagen-associated CS-PG detected in our specimens would require the additional use of antiprotein core antibodies. Using a polyclonal antibody raised against a dermatan sulfate containing PG produced by human skin fibroblasts, a similar location was detected in human superficial femoral artery (36) .
Although the low contrast of intracellular membranes inherent to Lowicryl embedding limited the resolution, it was possible to detect CS-PG within every type of vascular cell of rabbit aorta. This proved that in vivo all these cells contribute to the production of aortic CS-PG. The systematic use of antibodies specific to particular GAG moieties, in conjunction with an improved resolution of intracellular detail, might add some missing pieces of information regarding both normal and disturbed intracellular assembly of PG.
The EM morphometric evaluation of the individual labeling patterns was able to reveal that CS-containing structures of certain sizes were associated with different locations within the aorta. The consistency of the observations confirmed the feasibility of detecting different types of CS-PG. Moreover, taking into consideration that the embedded CS-PG would be expected to have apparent lengths smaller than those of flattened molecules, the dimensions inferred from the gold labeling were in good agreement with previous measurements made on extracted PG molecules, suggesting that it was actually able to detect features of the in situ molecular design of aortic CS-PG. For example, the large aortic PG capable of forming aggregates with hyaluronic acid, spread on grids and processed for EM by glycerol sprayinglrotary shadowing (21), had been found to have protein cores of 237 f 38 nm long, and 20-25 GAG side chains of 58 f 24 nm. A small species with one or two GAG chains with lengths of 80 * 25 nm has been also described. It therefore seems possible that in our system the frequent appearance of "beads on a string" is created by gold particles indirectly detecting several successive identical epitopes on CS chains.
Technical Considerations
The main problems that inevitably accompany procedures applied to the biochemical study of PG are related to selective PG extraction, alterations of their chemical composition and native structure, and disturbance of the in vivo interactions.
Previous histochemical and immunocytochemical studies have continuously added valuable information regarding the in situ distribution of different PG within the arterial wall. The most commonly used stains, ruthenium red, safranin 0, alcian blue, and cuprolinic blue, interact strongly with the GAG chains of PG and, by producing the collapse of their molecular architecture, form either colored or electron-opaque aggregates (6, 31, 35, 36) . The otherwise straightforward staining procedures also have the disadvantage of limited penetration and, because of their rather broad specificity, require previous digestion of tissue with specific enzymes to distinguish among different GAG. As an altemative, several antibodies raised against PG molecules have been developed and used to detect their distribution in the arterial wall (1,7,16). Antibodies recognizing epitopes of the protein cores have been used to detect particular PG, but although capable of high specificity they may produce a relatively low labeling efficiency.
The use of antibodies capable of recognizing specific GAG moieties (2,33,34) creates the possibility of simultaneously detecting a family of several distinct PG that contain the same type of GAG. The high efficiency of labeling in our specimens was due to the intrinsic biochemical characteristics of the PG molecules: the high content of CS, the detection of CS chains in more than one type of PG, and the potential presence of several CS chains per PG molecule and of several antigenic epitopes per CS chain. In the three- x 7l,650; B x 57,920 ; Inset x 44,460. Bars: A,B = 0.2 pm; Inset = 0.3 pm, vs two-step immunocytochemical procedure, the efficiency of detection and consequently the extent of labeling could be further increased both by the use of one additional immunoreagent and by the controlled preparation of protein A (10). In addition, the contrast of the labeled structures, due probably to superimposing more protein immunoreagent layers, outlined more clearly the differences between individual or associative CS-PG structures.
The complex ultrastructural details of PG and the antigenicity were optimally preserved by the procedure chosen for embedding. By using the immunostaining after embedding, CS-PG could be detected in the entire depth of the vessel wall. The limitation of using thin specimens, such as cell monolayers, vibratome sections, or peels of tissue, required to facilitate penetration of reagents in other procedures was therefore circumvented. The typically low contrast in Lowicryl K4M, related to the omission of commonly used EM-contrasting reagents to preserve antigenicity, could be overcome by appropriate staining of the thin sections.
Gold labeling increased the resolution of antigen detection and created the possibility of making dimensional estimates through EM morphometry. In fact, the protein A-gold technique has been previously employed to detect submolecular structures within extracted cartilage PG molecules (33). Limitations related to embedding, plane of exposure by sectioning, and additional contribution of immunoreagent size were expected to affect the morphometric analysis. The measurements made on specimens stained by the three-step immunocytochemical procedure yielded larger values, compatible with the amplification of detection. For example, in the aortic media the values obtained by two-step vs three-step procedures were: 144.4 2 24.7 nm (n = 64) vs 264.5 2 49.9 nm (n = 106) for isolated CS-PG, and 58.4 2 4.6 nm (n = 57) vs 81.6 f 14.6 nm (n = 40) for collagen-associated CS-PG. The fact that the dimensional relations between the average measurements of structures labeled by the two different sequences were consistent further supports the reliability of such estimations.
By the use of a high-resolution detection system, we have been able to distinguish patterns of regional CS-PG distribution within the normal aortic wall and to reveal some features of their molecular organization.
